In a series of recent works, attention has been paid to the functional properties of the avian eggshell: water vapor and respiratory gas conductances, water loss, metabolic rate and incubation time-all these major physiological characteristics of eggs may be closely and intimately related to egg mass, which, in turn, is allometrically related to eggshell structural properties such as thickness, porosity, mass, density and surface area ( These structural and functional relations of bird eggs reveal some variables of importance to the physiology of the embryo, including the gradient in water vapor pressure between egg and nest, the fractional water loss constant, the constancy of gas composition in the air cell, and total oxygen consumption per gram egg during incubation. The ability to hatch successfully is the outcome of a delicate equilibrium among several factors, some of which are inherited in the structure and function of the egg itself, while others are either imposed on the egg by the environment or controlled by the incubating parents.
sible explanation for the high r value is the high coordinate values of the Ostrich (Struthio camelus) which cause their separation from the bulk of the other results on linear scales. Without the Ostrich values the linear correlation was lower (r2 = 0.7133). Moreover, a t-test showed that the slope on the log-log scales (Fig. 1) is significantly smaller than 1.0 (P < 0.05; one-tailed t-test), indicating a deviation from simple linear regression. The calculated slope on log-log scales for the few species presented by Romanoff and Romanoff (1949) , is also lower than 1.0 (b = 0.836). Thus, using Equation (l), a thousand-fold increase in mass between land 1,000-g typical eggs is accompanied by only a 556-fold increase in shell strength.
The shell-to-egg mass ratio is relatively low in small eggs. Eggshell density seems to increase slightly with egg mass (Roman- show that DDE-treated females lay eggs whose shells are 90% the thickness of the control, and their strength drops to 74% of the control value. The question that may arise is whether this weakening may be explained by the thinning alone, or whether there are additional structural influences involved. The calculated specific eggshell strength according to either Equations (1) and (2) or Equation (6) is reduced by 6-10% in the treated birds, which may lead to a conclusion that eggshell thinning alone was responsible for reduction in strength. However, the measured F/L ratio is actually 18% lower in eggs of DDE-treated females, as compared to the controls, indicating that shell quality has been affected as well (King and Robinson 1972).
THE STRESS COEFFICIENT AND EGGSHELL YIELD POINT
While, within species, the force per unit of thickness (F/L) is a valuable tool for tests of eggshell quality, it is not suitable for interspecific comparisons, since it varies with eggshell thickness. For interspecific comparisons we propose the following:
In the Strength of Materials Theory, the maximal stress in a thin-walled sphere or cylinder is defined as being directly proportional to the radius of the object r, to the pressure applied P, and inversely proportional to the wall thickness L. Thus, for an egg assuming a mean radius r and a constant maximal stress cr,: u, m (P.r)/L. P is, of course, force per unit of eggshell area, when this force is distributed equally over the surface of the egg. In our case, the force was applied to the poles of the eggs. We assume that the area in question is proportional to the cross-sectional area of the shell-namely, 2 rr r L. This area is the same for every cross-section plane in a thinwalled sphere; hence the egg may be regarded as a pole or hollow cylinder subjected to buckling load. With such an assumption, the above expression becomes (T, 0~ (F.r)/(L.L.r), and r is cancelled out to give:
As may be seen from Eq. (6), the ratio F/L2 has the numerical value of 1,718 kg/ cm2 or atmospheres. Thus, we consider it to be an estimate of eggshell yield point stress of the avian egg, irrespective of mass and shell thickness, and a predictor of strength values. The egg of the extinct Aepyornis, which had an average shell thickness of 0.38 cm (Schiinwetter 1960-72), would have had a yield-point of 248 kg, assuming it was a "normal" egg, where the bird is estimated to gross about 440 kg (Amadon 1947), so that she would certainly have had to incubate carefully. We conclude that egg strength as measured by yield point force is correlated with thickness squared. Thus, F/L, force per unit thickness, is proportional to shell thickness among species. This ratio may be used in resolving influences of treatments within a species: DDE-treated Ringed Turtle Doves lay eggs which are weaker because their shells are not only thinner but also of lesser quality.
THE RELATIONSHIP BETWEEN EGGSHELL STRENGTH AND MASS OF THE
The calculated constant of F/L2 = 1,718 kg/ cm2, estimates the yield point stress of the typical avian egg and is employed to predict F from eggshell fragments. Given a bird mass B, a safety factor against egg breakage in the nest may be designated as S = (F/B) -1. Its dimensionless value in different species tends to decrease with increasing egg and bird mass, indicating that large bird eggs are more susceptible to accidental breakage in the nest and would be more influenced by environmental contaminants.
